[1] Motivated by the need to study the climatic impact of aerosol-related cirrus cloud changes, a physically based parameterization scheme of ice initiation and initial growth of ice crystals in young cirrus clouds has been developed. The scheme tracks the number density and size of nucleated ice crystals as a function of vertical wind speed, temperature, ice saturation ratio, aerosol number size distributions, and preexisting cloud ice, allowing for competition between heterogeneous ice nuclei and liquid aerosol particles during freezing. Predictions of the parameterization are compared with numerical parcel simulations of ice nucleation and growth from atmospheric aerosols, with a special focus on explaining the indirect effects of ice nuclei on the properties of young cirrus clouds. The uncertainties of the parameterization are discussed and its implementation in a general circulation model is briefly outlined. This new scheme establishes a flexible framework for a comprehensive assessment of indirect aerosol effects on and properties of cirrus clouds in global climate, chemistry transport, and weather forecast models. 
Introduction
[2] One of the most outstanding issues in current climate studies is the description of changes of cloud properties caused by changes in the properties of cloud-forming aerosol particles. Such aerosol modifications are brought about by natural variability or human activities. Cirrus clouds are a highly uncertain component of models predicting the global climate, simulating atmospheric chemistry, or forecasting weather [Lynch et al., 2002] . It is currently not known whether cirrus clouds cause a positive or negative feedback on climate change, to which degree they impact air chemistry, and how they influence mediumrange weather forecasts.
[3] A parameterization in global models of all aspects of cirrus ideally comprises ice formation and growth, ice crystal radiative properties at visible and infrared wavelengths, and cloud coverage. A complication that arises on top of these issues concerns the subgrid-scale variability of dynamical parameters driving cloud formation and evolution, especially the updraft speed (or cooling rate) and relative humidity. The present study concentrates on the first issue, the physics of ice initiation and initial growth of ice crystals in young cirrus clouds. We are describing cirrus forming in situ at temperatures below the spontaneous freezing point of water (235 K), not cirrus generated by detrainment (e.g., from deep cumulus convection), although the parameterization could be employed to calculate new ice formation rates from aerosols in cold trailing anvil regions.
[4] In the past years, we have systematically developed simple yet accurate parameterizations of cirrus formation when homogeneous or heterogeneous ice formation acts in isolation [Kärcher and Lohmann, 2002a , 2002b . The underlying physical theory explains the dependence of the number density of ice crystals formed in a single nucleation event on the vertical velocity, air temperature, and aerosol number and size seen in numerical simulations. One important conclusion from the homogeneous freezing studies is that the relationship between liquid aerosol particles and ice crystal number concentrations in cirrus is generally much weaker than in liquid water clouds. In contrast, much stronger indirect aerosol effects on cirrus clouds are possible if heterogeneous ice nuclei (IN) and liquid particles with distinct freezing thresholds compete during the freezing process. The change of the time history of the ice saturation ratio in a rising air parcel caused by ice crystals formed on IN prior to homogeneous freezing leads to a suppression of total ice crystal concentration ].
[5] There is mounting observational evidence for an impact of IN on cirrus clouds via heterogeneous nucleation followed by homogeneous freezing [Haag et al., 2003a; DeMott et al., 2003a] , suggesting background IN concentrations below 10-30 L À1 at northern midlatitudes. However, changes in the dynamical cloud forcing could alter cirrus properties more significantly than changes in properties of the freezing aerosol [Kärcher and Ström, 2003] , and both aerosol and dynamical effects cannot easily be separated [Haag and Kärcher, 2004] . Hence the magnitude of the proposed indirect aerosol effect is uncertain and difficult to determine experimentally [Gayet et al., 2004] .
[6] The homogeneous freezing scheme led to the first interactive simulations of cirrus in the general circulation model ECHAM [Lohmann and Kärcher, 2002] including the prediction of ice supersaturation roughly as observed in the field. The basic version of the ECHAM model, as most other global models, employs the saturation adjustment scheme developed in the early days of cloud modeling [Asai, 1965] . Thereby the amount of cloud condensate is determined diagnostically in a time step without detailed knowledge of the microphysics controlling the irreversible water phase fluxes. The clouds are always assumed to be saturated, as any supersaturation is instantaneously removed by transforming water vapor to condensate. While this might be a reasonable approximation for some warm clouds (i.e., shallow moist convection), this scheme cannot be reliably used to predict cold cirrus clouds, most of which are known to form and initially grow at high supersaturations (over ice).
[7] The abandonment of the saturation adjustment for ice clouds in ECHAM reproduced observations of the frequency of occurrence of ice supersaturation that were derived from Measurement of Ozone on Airbus In-Service Aircraft (MOZAIC) data [Gierens et al., 1999; Lohmann and Kärcher, 2002] . The more realistic treatment of supersaturation can also account for potential feedbacks in a changed climate. If the water vapor concentration increases above ice saturation in a warmer climate, this would lead to a larger clear-sky infrared forcing. In a saturation adjustment scheme, on the other hand, this increase in water vapor above saturation would falsely produce a higher cloud amount. Also, the introduction of a prognostic equation for the number concentrations of ice crystals [Lohmann, 2002] (with empirical source terms) enables a more realistic estimate of the shortwave and longwave cloud forcing.
[8] A follow-up study performed with the detailed homogeneous freezing parameterization revealed that the sulfate aerosols formed in the Mt. Pinatubo eruption plume were unlikely to modify cirrus properties strongly , in agreement with satellite observations [Luo et al., 2002] . The goal of the more hypothetical pure heterogeneous freezing studies carried out with ECHAM was to delimit possible IN-induced climate responses resulting from low freezing thresholds (the relative humidities over ice when freezing commences) and the limited number of available IN. Lohmann et al. [2004] found that IN have the potential to modify cirrus clouds globally but emphasized the need to include multiple freezing pathways in the parameterization. Potential IN candidates include mineral dust, black carbon (including aircraft soot), crystalline ammoniated sulfates or organic particles, and meteoritic material. On the basis of the Lohmann et al. [2004] study, presented a first attempt to estimate the impact of aircraft soot emissions on cirrus properties with the ECHAM model. It is currently difficult to validate any heterogeneous ice nucleation scheme in cirrus conditions because available field measurements are not detailed enough to fully constrain nucleation models .
[9] The parameterization scheme presented in this study combines homogeneous and heterogeneous freezing pathways and will allow us to carry out more realistic cirrus simulations in ECHAM by incorporating the latest experimental findings of the role of natural and anthropogenic aerosols in cirrus formation in future work. Section 2 summarizes the theory of the full parameterization, whereby we extend our previous model to describe the effect of preexisting ice crystals on subsequent freezing events. Selected results focussing on the indirect IN effects are validated with the help of adiabatic air parcel simulations in section 3. Section 4 explains how the parameterization scheme will be employed in models that are not capable of resolving the freezing process. Section 5 concludes the paper by summarizing the main issues and sketching future applications and related areas of research.
Theory
[10] We review the theoretical basis of the parameterization as detailed in earlier work [Kärcher and Lohmann, 2002b, 2003] . The corresponding equations are formulated for one chemically uniform type of freezing aerosol particles. We then allow for multiple particle types and outline the key features of the generalized scheme describing the competition between homogeneous freezing and heterogeneous ice nucleation.
Single Particle Types
[11] In an air parcel ascending adiabatically with the vertical velocity w, the temporal evolution of the ice saturation ratio S i , defined as the ratio between the gas phase number density of water molecules and the water vapor number density at ice saturation n sat , is governed by
The parameters a 1 , a 2 , a 3 are given by a 1 = L s M w g/(c p RT 2 ) À Mg/(RT), with the molar masses of air M and water M w , latent heat of sublimation L s , constant of gravity g, heat capacity at constant pressure c p , the universal gas constant R, and air temperature T; a 2 = 1/n sat ; a 3 = L s 2 M w m w /(c p p T M), with the mass of a water molecule m w and the air pressure p.
[12] The monodisperse freezing/growth integral R im is defined by
with the specific volume of a water molecule v. Here, _ n i (t 0 ) dt 0 denotes the number density of aerosol particles that nucleate ice and freeze within the time interval between t 0 and t 0 + dt 0 , r i (t 0 , t) is the radius of the spherical ice particle at time t that froze and commenced to grow at time t 0 < t, and dr i /dt is the radial growth rate of that ice particle. In (1), R im is integrated over the freezing aerosol size distribution dn/dr 0 .
[13] The diffusional growth rate is given by dr i /dt = b 1 /(1 + b 2 r i ), with b 1 = vav th n sat (S i À 1)/4 and b 2 = av th /(4DC), where a = 0.5 is the deposition coefficient of water molecules impinging on the ice surface, v th is their thermal speed, D is their diffusion coefficient in air (depending on T and p), and C is the capacitance factor accounting for a possible nonspherical shape of the ice crystals (set equal to unity throughout this work).
[14] The growth law can be integrated in closed form in the time interval [t 0 , t] to obtain the radius r i (t 0 , t) of an ice particle that formed at t 0 at a radius r 0 :
We use the term ''initial growth'' for ice particle growth during the time of freezing t defined below in (5).
[15] It is convenient to define the initial growth timescale t g and the dimensionless parameter d via
The specific form of the freezing pulse _ n i (t 0 ) = _ n i (t) exp[À(t À t 0 )/t] used here for simplicity is consistent with the freezing timescale
where J denotes either the homogeneous or heterogeneous nucleation rate coefficient (per unit time and per unit volume of liquid droplet or per unit surface area of solid IN, respectively), S cr is the value of S i where freezing commences, and c is a fit parameter explained below. The exact form of the freezing pulse is not important because only contributions close to the peak ice saturation ratio influence the solution. Other analytical forms for _ n i (e.g., a Gaussian pulse) would modify (5), but this equation contains the free parameter c anyway.
[16] For homogeneous freezing, by definition, _ n i = nJV 0 , where n is the number density of aerosol particles with a particle volume V 0 = 4pr 0 3 /3. Equation (5) follows from taking the logarithmic time derivatives of the above noted two expressions for _ n i and setting them equal. Thereby we make use of dV 0 /dt = 0 (equivalent to r 0 = const. during t), an approximation used later to solve (1). For heterogeneous ice nucleation in the immersion mode, [17] The homogeneous nucleation rate coefficient used in (5) depends on T and the water activity a w [Koop et al., 2000] . In the parameterization, we approximately identify a w with the local ice saturation ratio S i in the air parcel and evaluate (5) at the freezing threshold S cr (T) (typically in the range 1.5-1.7). The expressions @ ln(J)/@T and S cr can be fitted with a second-order polynomial and a corresponding linear function in T for a constant size r 0 , respectively. We use the expressions proposed by Ren and MacKenzie [2005] which these authors recommend together with c = 1 and a monodisperse freezing aerosol size distribution with a properly fitted r 0 . However, we allow c to vary between 0.8 and 1.5 for low and high T to compensate for slight deviations between the parameterization and our parcel model results which are based on polydisperse freezing particles.
[18] For heterogeneous nucleation, we use the rate coefficient based on what we introduced as the shifted water activity method . The heterogeneous ice nucleation thresholds may depend on a number of variables describing the nucleation process and are prescribed accordingly. We have found that they must be at least 10% smaller (in terms of relative humidity) than the homogeneous freezing thresholds for IN to significantly affect the cloud formation process. Here we use the homogeneous result (5) for t (with c = 2 to obtain a good fit to the numerical model) unless experimental heterogeneous nucleation rate data are available that allow us to better constrain c and/or @ ln(J)/@ T. Fitting t to such data also allows differences between the immersion and deposition mode (the most likely freezing modes in the upper troposphere) to be approximately taken into account in the parameterization. A discussion of uncertainties is given in section 4.
[19] The integral R im can be evaluated analytically for a given radius r 0 (or d), yielding
where erfc(x) denotes the complementary error function. The last term in (7) is an accurate analytical approximation to the exact result [Ren and MacKenzie, 2005] . We have introduced the key dimensionless parameter k
defining different solution regimes. At k $ 1, freezing of aerosol particles and the initial growth occur over similar timescales when d $ 1. For k ) 1 (fast growth regime), the total number concentration n i of ice crystals formed becomes insensitive to initial conditions. This regime is realized for small particles, high freezing thresholds, high temperatures, and fast cooling rates. For k ( 1 (slow growth regime), realized in the complementary parameter region, n i depends on the details of the freezing aerosol size distribution, especially when S cr ! 1.
[20] The final solution is obtained by solving (1) at the time where S i reaches its peak (approximated by S cr ) and keeping the freezing aerosol size distribution dn/dr 0 constant during t, consistent with the derivation of (5):
this yields r s , the radius of the smallest freezing particle, n i , which is limited by the total number n of available aerosol particles, andr i , the ice particle size after the freezing event (i.e., at t = t). Equation (11) generates a monodisperse spectrum of ice particles during t and is obtained by
with the exponential freezing pulse.
[21] There is an option to assume monodisperse liquid aerosols, in which case the integral in (9) simplifies to n i R im (r 0 ), from which n i follows directly. In this case, the radius of the freezing aerosol particles r 0 may be chosen equal to the area-weighted mean radius if d < 1 (initial ice growth in the kinetic regime) or the number-weighted mean radius if d > 1 (diffusion regime), along with slight adjustments of c in (5). Further, r s = r 0 in (11), and (10) can be omitted, except that n i is always bounded by n.
[22] We have emphasized earlier that variations of the aerosol number and size cause only moderate changes in n i in many cases if the freezing aerosol only consists of one chemically uniform particle type (i.e., liquid particles, IN freezing at S cr > 1.3-1.4). A much stronger indirect aerosol effect, termed the negative Twomey effect for cirrus clouds, can be obtained when two or more distinct aerosol types are present; see also section 3.
Multiple Particle Types
[23] It is straightforward to generalize the solution in the case of preexisting ice particles. These must be considered in applications and may arise from convective detrainment, advective transport, sedimentation into the air volume in question, or from nucleation in the previous time step. Such particles reduce the available water vapor by depositional growth and thus slow the rate dS i /dt. We account for this effect in (1) by writing
assuming monodisperse ice particles of type k. The symbol f denotes the ventilation factor. It is necessary to introduce this correction because the preexisting ice particles may have already grown to sizes large enough (i.e., r i,k > 25 mm) so that f > 1. (In (3), the sizes r 0 of freshly nucleated particles are small enough to ensure that f ' 1.)
[24] It appears to be convenient to view the effect of ice crystals on the history of the ice saturation ratio as equivalent to a fictitious downdraft velocity
so (9) may be replaced by (at S i = S cr )
As the right side of (14) is proportional to n i , hence n i / (w À w p ), any preexisting ice particles tend to reduce the number of ice particles that may form in a subsequent freezing event. If w p > w, the preexisting particles prevent any further nucleation. Equation (14) [25] If the preexisting ice particles correspond to some early freezing heterogeneous IN and the late freezing particles form ice homogeneously, the condition w > w p describes the cases where ice nucleation is not capable of shutting off homogeneous freezing. With k = 1, (13) leads to the approximate condition
where we have used a 2 > a 3 S cr , d ) 1, S cr $ 1.5, T $ 220 K, and D $ 1 cm 2 s
À1
. For instance, with n i = 0.01 cm À3 and r i = 25 mm (f $ 1) for the preexisting particles, we find w >10 cm/s. Because typical mesoscale vertical winds in cirrus conditions are in the range 10-50 cm/s and average background concentrations of IN in the upper troposphere do rarely exceed 0.01 cm
À3
, this suggests that homogeneous freezing will frequently follow heterogeneous ice nucleation. In fact, this is consistent with a body of field observations pointing toward a predominance of homogeneous over heterogeneous ice formation mechanisms [DeMott et al., 2003a; Haag et al., 2003a; Cziczo et al., 2004; Hoyle et al., 2005] .
Solution Method
[26] The generalized parameterization examined in sections 2.1 and 2.2 should be capable of predicting the total number concentration and mean size of ice crystals formed in an air parcel rising at a constant speed from an ensemble of polydisperse liquid aerosol particles and heterogeneous IN in the presence of preexisting ice particles within a time step Dt (e.g., the global model time step). We found it difficult to obtain a sufficiently accurate analytical solution for the growth problem because of the subtle balance between the two terms on the right side of (12) and the nonlinear dependence of the R i,k -terms on (S i À 1).
[27] However, the problem can be quite accurately solved by splitting it into successive nucleation and growth steps, whereby the nucleation part is given analytically by (10), (11), and (14), and the growth part is obtained by explicit time integration of (12) using the analytical expression (3). An underlying assumption is that the nucleated particles appear promptly after S passes their prescribed threshold value S cr . This assumption is necessary because in applications of the nucleation parameterizations in a large-scale model, it is certainly impractical to extend a single freezing event over several time steps. We reiterate this point in section 4.
[28] The first step in applications of the generalized parameterization scheme is to combine the size distributions of all aerosol particles with the same (or similar) values of S cr . These size distributions are additive because the result of freezing does not depend on the state of mixing of the different particle types in this case. For instance, aqueous sulfuric acid and fully deliquesced ammonium sulfate particles may be handled as a single freezing particle type because their equilibrium freezing behavior is identical in the water-activity-based nucleation model (apart from particle size or kinetic effects). Certain particles that freeze at relative humidities above the homogeneous freezing threshold are not relevant, as the reservoir of liquid particles is hardly ever depleted and suffices to prevent poorer ice nuclei from forming ice.
[29] It is convenient to separate with an index ' the ice modes originating from the homogeneous and heterogeneous modes discussed here from all ice modes (index k). Ice modes indexed by k include the ' modes plus those originating from other sources (convective detrainment, other freezing mechanisms).
[30] The next step consists of ordering different particle types along ascending values of their freezing thresholds 1 S cr (') < S cr (T), the latter values denoting the T-dependent homogeneous values. According to recent observations, mineral dust particles would nucleate ice significantly earlier (S cr (') < 1.3) than liquid particles [Sassen et al., 2003; DeMott et al., 2003b] . Then (12) is integrated forward in time using an adaptive time step dt. If no preexisting ice particles are present, all R i,k = 0 up to this point. The first set of values n i,1 andr i,1 follows from (10), (11), and (14) at a time t 1 , where S i (t 1 ) = S cr (1) . With ongoing time t > t 1 , n i,1 changes adiabatically and r i,1 (t) follows from advancing (3) over time.
[31] If n i,1 is smaller than the total number of type-1 particles, S i will decrease toward saturation and the integration is continued with constant w until t = Dt. The scheme will return the final values of n i,1 , r i,1 , and S i to the calling program.
[32] If the cooling was strong enough to freeze all available type-1 particles, S i would continue to rise (unless w = w p ), and type-' particles (' > 1) become activated. Water vapor depletion due to the growing type-(' À 1) particles is taken into account by adding the recently frozen particles to the R i,k terms. This procedure continues until homogeneous freezing occurs, provided these freezing conditions are met within Dt. The results are discussed in detail next in section 3.
Validation
[33] The parameterization results are compared with a detailed microphysical aerosol/cirrus parcel model described elsewhere [Kärcher, 2003] . It is the same model we used earlier to separately validate the homogeneous freezing and heterogeneous nucleation parameterizations. Aqueous sulfuric acid particles are initialized lognormally, with a total number of 500 cm
À3
, mean number diameter of 0.1 mm and a geometric width of 1.6. We vary the total number of heterogeneous IN but initialize their size distribution with a diameter of 1 mm and a width of 1.4. Liquid particles typically freeze above S cr $ 1.5 depending on T, and IN are assumed to initiate the ice phase around S cr = 1.3. The effects of variations of the aerosol size distribution parameters and IN freezing thresholds have been described in our previous studies [Kärcher and Lohmann, 2002b, 2003 ]. Below, we study whether the combined scheme is able to reproduce the indirect effect of IN on key cirrus properties at a range of conditions. For simplicity, we assume f = 1 for all calculations.
[34] In Figure 1 we show the temporal evolution of the ice saturation ratio S i in adiabatic air parcels rising with a constant updraft speed of 20 cm/s. Aircraft cirrus observa- tions at midlatitudes and in the tropics suggest ubiquitous mesoscale variability in buoyancy wave driven vertical air motions [Kärcher and Ström, 2003; Jensen and Pfister, 2004; Hoyle et al., 2005] . Values of the order 20-30 cm/s (or cooling rates of the order 10 K/h) characterize the averages of the probability distributions of updraft speeds or temperature fluctuations. The parcels are initialized at ice saturation with a temperature T 0 of 210 K (left panel) and 230 K (right panel), representing a cold and a warm case, respectively, and results are given for total IN concentrations ranging from 0 -500 particles per liter of air as indicated in the legend. Curves and symbols represent results from the parameterization and the numerical simulation, respectively.
[35] The results for low IN concentrations (<20 L À1 in the cold case and <5 L À1 in the warm case) exhibit the typical behavior seen in pure homogeneous freezing scenarios [Kärcher and Lohmann, 2002a] : a rise according to S i (t) = S i (t = 0) exp(a 1 wt) until the first crystals nucleate homogeneously (several percent below the peak value of S i , depending on T), a maximum at the point where most of the ice crystals have formed, and a steep decrease of S i caused by rapid deposition of available water vapor on the freshly nucleated crystals. Asymptotically, some supersaturation is maintained because the parcels are still rising. In the cases where IN are present, all of them form ice but their concentration is insufficient to beat the increase in S i induced by adiabatic cooling.
[36] The situation changes when the IN concentrations increase. For values above 20 (5) L À1 in the cold (warm) case, S i never reaches the homogeneous freezing conditions but starts to decrease after all IN have nucleated. The decrease is faster the higher the IN concentration because the resulting larger number of ice crystals is more efficient at depositing water vapor. At higher T, the suppression of homogeneous freezing occurs at lower IN concentrations because the growth rates of the ice crystals originating from IN are faster.
[37] The parameterization is able to capture the salient features of the numerical results with sufficient accuracy.
Notable deviations occur in the warm case at high IN concentrations, where the parameterization tends to underestimate the peak S i and subsequent decay stage. We identified the monodisperse approximation of ice particle growth and the neglect of the finite duration of the nucleation pulse as the main sources of this discrepancy.
[38] Figure 2 is similar to Figure 1 , but here we vary the updraft speed in the range 1 -50 cm/s and fix the total IN concentration at 10 L
À1
. This number is probably an upper bound for upper tropospheric background conditions [DeMott et al., 2003a; Haag et al., 2003a] , although it cannot be excluded that higher concentrations can occur locally.
[39] In weak updrafts (up to $5 cm/s in the cold case and up to $1 cm/s in the warm case), the time required to approach the heterogeneous nucleation threshold of 1.3 starting from S = 1 is very long, namely t = ln(S cr )/(a 1 w) or t [s] $ 2.6 Â 10 4 /w [cm/s]. This time becomes shorter as the updraft speeds increase. In the warm case, IN freeze and reduce S i when w = 5 -10 cm/s; further increases in w activate the homogeneous mode. This transition from pure heterogeneous ice nucleation to combined heterogeneous and homogeneous ice formation occurs at lower updraft speeds (slightly above 5 cm/s) in the cold case, where the depositional growth rates are significantly slower and less efficient at counteracting the increase in S i due to the ongoing cooling.
[40] As before, agreement between the parameterization and the numerical simulations is quite satisfactory, except perhaps in the warm case when only the heterogeneous ice nucleation mode is active. This agreement indicates that the semianalytical cirrus scheme is well suited to reproduce the temporal change of supersaturation during cirrus formation, including the cases where ice particles are present prior to homogeneous freezing.
[41] We now turn to a more detailed discussion of the indirect IN effects by discussing [42] In the case of pure homogeneous freezing, n i rises continuously with increasing w, whereby the slight deviations from a straight line (power law) are caused by aerosol size effects. We identify two indirect effects of IN ]: first, a plateau region develops over a wide range of w values which shifts toward higher w when the number of IN increases. In this plateau region, after the heterogeneous ice formation process is completed, w p ! w and n i is considerably lower than for pure homogeneous freezing (negative Twomey effect). This effect is caused by the IN-induced reduction of S i . In regions right of the plateau when n i values rise again, the finite apparent updraft speed w p < w acts to reduce the number of ice crystals from homogeneous freezing unless w p ( w. (Note that preexisting ice particles would cause a similar negative Twomey effect.)
[43] Second, in regions left of the plateau, the updraft speeds are too weak to activate all available IN, i.e., we are in the pure heterogeneous ice nucleation regime. Here, n i values are slightly higher than for pure homogeneous freezing (positive Twomey effect). This occurs because the selected heterogeneous freezing threshold is smaller than the homogeneous values (by $0.2 or more). Therefore IN-induced ice crystals experience less supersaturation and grow less rapidly than homogeneously nucleated crystals; hence they are less efficient at reducing S i and allow more crystals to be formed.
[44] We point out that the plateau region extends over almost an order of magnitude in vertical velocities, and the transition to the region where homogeneous freezing dominates occurs only gradually over a similar range. Clearly, the decrease of n i depends on the exact value of w, and can range from almost zero up to a factor of 10. Our new scheme captures this important detail and thus represents a significant improvement over a previous analytical estimate of the critical number of ice nuclei (in terms of w, T, and S cr ) at which the transition between the two freezing modes occurs. An analytical estimate derived by Gierens [2003] locates the transition point w * at the rightmost end of the plateau regions shown in Figure 3 but only predicts an abrupt increase of n i from the total number concentration of available IN to values obtained from pure homogeneous freezing for w > w * .
[45] In sum, in weak updrafts (<1 -10 cm/s depending on T and IN concentration), the addition of IN could increase the number of ice crystals formed and lead to an indirect effect that is similar to the traditional Twomey effect known from warm clouds, although its dependence on aerosol number is weaker. In stronger updrafts, the addition of IN acts to reduce the number of ice crystals. This effect will lead to an increase of the effective ice crystal radius and associated changes in optical extinction, ice water content, and cloud frequency of occurrence.
[46] The above idealized results obtained with constant updraft speeds and selected temperatures are useful for explaining the mechanisms controlling the indirect effects. Variations in the freezing thresholds of IN and size distribution parameters yield qualitatively similar results. A statistical evaluation of near-global cirrus simulations carried out with ensemble trajectories and a Lagrangian cirrus model confirmed the predominance of the negative Twomey effect, at least at midlatitudes where temperatures below 210 K are rare and mesoscale variability in cooling rates is common [Haag and Kärcher, 2004] .
Uncertainties
[47] The uncertainties of the parameterization schemes for homogeneous and heterogeneous nucleation have been mentioned previously [Kä rcher and Lohmann, 2002a , 2002b . As the combined parameterization is also affected, we summarize and update these issues below, for convenience.
Homogeneous Freezing
[48] Differences between results predicted by the homogeneous freezing scheme and numerical simulations can be brought about by the following simplifications made to derive the parameterization: (1) neglecting the difference between S cr and the peak S i (typically 0.05 for homogeneous freezing) attained in an air parcel; (2) assuming a monodisperse ice crystal size spectrum; and (3) neglecting cooling-induced aerosol size changes at the point of freezing. The non-equilibrium effects that cause the peak S i to deviate from S cr are discussed by Haag et al. [2003b] . As discussed in section 3, the fit parameter c could be used to tune the parameterization scheme accordingly. (This also holds for the heterogeneous nucleation case.)
[49] Organic aerosols or coating of liquid droplets with surface-active organic compounds might lead to a kinetically induced increase of the homogeneous freezing threshold over equilibrium values predicted by the wateractivity-based nucleation model, accompanied by an increase of n i in the freezing events [Kärcher and Koop, 2005] . In the presence of a sufficient number of organicpoor or pure sulfate particles, these organic-rich or coated aerosols would simply not contribute to ice formation, as suggested by some field measurements [Cziczo et al., 2004] , while others raise the possibility that organic-rich particles may have controlled relative humidity and ice formation in the subtropical upper troposphere [Jensen et al., 2005] . If the latter case turns out to be common, the thresholds S cr (T) in the parameterization could be increased to observed values.
[50] As a more technical issue, we recall that all our parameterization schemes assume that the nucleation event creates a certain number of ice crystals instantaneously relative to the global model time step Dt (although the freezing timescale t from (5) is nonzero). For homogeneous freezing at typical mesoscale cooling rates, t is much smaller than Dt and this assumption does not introduce a serious error when one starts from a value S near or above saturation. The duration of the freezing event may exceed Dt for small synoptic-scale cooling rates which, however, are rarely leading to cirrus formation [Kärcher and Ström, 2003] , i.e., this is not a problem in practice either.
Heterogeneous Nucleation
[51] Recent experiments carried out in a large coolable aerosol chamber have shown that heterogeneous nucleation of ice in soot particles coated with aqueous sulfuric acid solutions (immersion freezing) takes place over a large range of S cr values (almost 0.4, much larger than for homogeneous freezing), commencing at S cr $ 1.2 [Möhler et al., 2005] . Reasons for this behavior include the possibility that the soot sample was chemically not uniform or that more active surface sites for nucleation became available as T decreased. This observation implies that the nucleation timescale t from (5) is not only a function of the cooling rate.
[52] Whether the shifted water activity method to calculate ice nucleation rates mentioned in section 2.1 is actually capable of describing this observed ice formation behavior in a detailed process study will be the subject of future work. This could be accomplished by tuning the constant c in t, as c will also lead to a corresponding correction of the heterogeneous nucleation rate coefficient J from which t is derived (their section 2.3.1). While the onset values of ice nucleation determine the magnitude of the water activity shift used to calculate J, the coupled parameterization still assumes that the nucleation event creates a certain number of crystals instantaneously. This number n i influences the evolution of S, as outlined in section 2.3, whereas in reality n i may be created over an extended time t, causing a different evolution of S.
[53] However, in most practical applications of our scheme, we expect that the error introduced by the above simplification will remain small because the number of active IN is likely to be small in cirrus conditions (order 10 L
À1
, see section 3). This means that the reservoir of IN will be typically consumed, and the nucleation event will be terminated, in a time much shorter than t. In this regard, we note that the total soot particle concentrations used in the chamber study (3000 -75,000 cm À3 ) are highly untypical for upper tropospheric conditions . On the basis of the available field observations, it is much more likely that a small number of IN competes with a large reservoir of liquid particles, and in such cases our coupled scheme should provide reasonable predictions of n i and associated ice particle sizes.
[54] We further mention that partial crystallization or delayed deliquescence in ammoniated sulfate or certain organic particles may complicate the heterogeneous nucleation mode or change the nucleation mode from homogeneous to heterogeneous. How far our parameterization is able to treat such cases remains to be shown as soon as measurements provide a detailed picture of the underlying mechanisms.
[55] Finally, we like to note that the shifted water activity method can also be applied for an approximate treatment of deposition nucleation. The corresponding version of the nucleation rate coefficient J to be used in a detailed microphysical model just needs to use the ambient relative humidity to calculate a fictive water activity (as no coating exists). Also, the ice germs formed at the dry IN surfaces grow from very small sizes (few nm) compared to the size of an ice particle formed from immersion freezing of a mixed liquid/solid IN, which influences the evolution of S. We suggest that in the parameterization, the small initial size of the nucleated ice particles has to be taken into account in the growth equation (3). Of course, also the constant c has to be constrained by observed values of J, as in the case of immersion freezing.
Implementation
[56] We summarize the key numerical model equations used in our generalized parameterization and describe their implementation in the calling global model. The supersaturation equation is integrated over one time step Dt of the calling model (typically 30 min in large-scale models) using smaller but variable time steps dt.
[57] 1. Initial growth:
[58] 2. Nucleation:
The index k runs over all ice modes. Adiabatic changes of n k,j and p / T (c p /R) are also taken into account. If type-k ice particles existed (superscript 1) in the previous time step D t and more of them nucleate (superscript 2), their number densities are added
and the combined mean radius is obtained from
right after nucleation occurred. In addition, n i,k is subtracted from the aerosol size distribution for each type k, starting from the largest particles. The index j runs over all size bins of freezing aerosol particles. The integrals over r 0 are solved over a discretized radius grid {r 0,j } by summing up the contributions starting from the largest size j = 1 chosen such that n k,1 $ 0. As r s,k and n i,k do not usually coincide with the radius grid point values at j = j max , their exact values are obtained from logarithmic interpolation between two adjacent radius bins. The adaptive time step dt starts from a small value 10 À4 /(a 1 w) and is increased by 1.01 if dS i = jS i (t + dt)/S i (t) À 1j < 0.001. It is decreased by a factor 0.1 when dS i ! 0.001 and the growth calculation is repeated until dS i < 0.001.
[59] The subroutines solving the growth model (16) -(20) (XSICE) and nucleation model (21) -(23) (XHOM, XHET) are called in the driver routine XFRZ that serves as an interface between the calling program and the parameterization. The S i -equation is integrated over a number of individual time intervals determined by the differences between contiguous freezing thresholds, with the initial time equal to zero and S i (t = 0) equal to the initial saturation ratio from the calling model. When a freezing threshold is reached, the corresponding nucleation routine is called, ice particle number and size are updated according to (24) and (25), followed by the next growth step, etc. Figure 4 summarizes the calling sequence in a flow diagram.
[60] To apply the parameterization in a fully consistent manner, the calling global model has to cover ice microphysics, including predictions of ice crystal number concentration and ice water content or ice crystal size, respectively. We recommend that the global model should simulate the microphysics of different individual ice modes. This would guarantee a consistent utilization of the complete information provided by the parameterization for the representation of clouds and related processes such as radiative transfer or aerosol microphysics. The routine XSICE calls XHOM and XHET only when the conditions are suitable for nucleation. Thus corresponding program control is not necessary in the calling routine of the global model.
[61] There are two essential prerequisites to simulate ice microphysics accurately in the calling model. One is the representation of possible ice supersaturation. Models applying the classical saturation adjustment (section 1) cannot be used to drive the parameterization [Kärcher and Lohmann, 2002a] . (In fact, when used in conjunction with a diffusional growth model for ice crystals, our parameterization eliminates the need to introduce a purely thermodynamic barrier for S i .) The other is the correction of the large-scale vertical winds by a subgrid-scale component. Models driving the parameterization with the large-scale winds only will predict erroneous cirrus cloud properties [Kärcher and Ström, 2003] .
[62] When only homogeneous freezing is considered, the application of the parameterization is very simple. If no aerosol information is available, one version ignores aerosol size effects and only the upper limit background aerosol concentration needs to be prescribed. This is uncritical since ice nucleation is hardly ever limited by the number of available background particles and aerosol size effects are not significant in many cases [Kärcher and Lohmann, 2002b] . Otherwise the calling global model needs to provide information on aerosol number concentrations and size distributions, either prescribed using information from measurements or other sources, or calculated interactively in a separate aerosol module. Different types of aerosols should be distinguished, at least those particle types responsible for the formation of the different ice modes considered. For instance, different kinds of IN (e.g., mineral dust or black carbon particles) inducing the heterogeneously formed modes and liquid aerosols inducing the homogeneous mode have to be distinguished. It is also important to distinguish the mixing state of the IN as this parameter determines whether they nucleate ice in the immersion or deposition mode.
[63] The deposition of water vapor on nucleating crystals is simulated by the parameterization and not by the calling model since it is unable to resolve the temporal evolution of the number of different ice modes and their microphysical properties. For reasons of consistency, we recommend to use the deposition formulation applied in the parameterization (section 2.1) also in the cloud module of the global model to describe deposition on or evaporation from preexisting ice particles in the absence of nucleation.
[64] The call of the parameterization and the calculation of the required input parameters have to be realized dependent on the concept of cloud cover representation in the calling model. If fractional cloud cover is represented, the parameterization could be separately applied to describe possible nucleation events in the cloudy or cloud-free part of a respective grid box. Input parameters are the time step of the calling model, the ice saturation ratio, the temperature, the number concentrations and sizes of ice crystals in preexisting ice modes, the vertical velocity corrected for subgrid-scale fluctuations, the number concentration and size distribution parameters of different IN and liquid aerosols potentially inducing heterogeneous nucleation or homogeneous freezing, respectively, and their corresponding critical supersaturations. As discussed in section 2.3, the information on liquid aerosols, IN, and critical supersaturations must be passed to the parameterization in ascending order, starting with the earliest freezing IN mode and ending with homogeneously freezing particles; the same holds for the correspondimg ice modes.
[65] If nucleation occurs, the parameterization returns the numbers and sizes of the newly formed ice modes, corresponding information on the modified preexisting ice and aerosol (fractions of the different aerosol types incorporated into ice crystals due to nucleation scavenging) modes, and the value of the ice saturation ratio. On the basis of these output parameters, further cloud microphysical processes, such as particle-particle interactions or particle sedimentation, can be simulated by the calling model ( Figure 5) . If the parameterization indicates that nucleation does not occur within a time step and preexisting cloud ice is present, then cloud microphysics (including phase transitions of water) have to be treated by the cloud module of the calling model. In the case of nucleation, the scavenged aerosol fraction has to be subtracted from the aerosol population available for further aerosol induced cloud nucleation. Scavenged aerosols have to be released again after full sublimation of ice crystals.
Conclusions
[66] We have described the physical basis and the performance of a cirrus nucleation parameterization scheme for use in global atmospheric models. Ice nucleation and initial growth as well as ice saturation ratio predicted by the scheme have been validated with numerical parcel model simulations resolving the underlying processes in detail. We have discussed the uncertainties of the scheme and its implementation in a global model. We believe that the parameterization is a sufficiently accurate and flexible tool to study indirect aerosol effects on and properties of cirrus clouds in future climate studies.
[67] The results obtained with the new parameterization in a global model will largely depend on the ability of the global model to represent the sources, transport pathways, and sinks of different aerosol types in the upper troposphere and lowermost stratosphere, including heterogeneous ice nuclei. Climate models with sophisticated aerosol modules have been developed recently [Stier et al., 2005; Lauer et al., 2005] . However, information provided by these models needs to be complemented by laboratory and field measurements of ice nucleation properties of the atmospheric aerosol in cirrus conditions and a proper treatment of subgrid-scale fluctuations of vertical winds and temperature.
[68] Besides improving the ice initiation step, future parameterization efforts must also consider the cirrus cloud radiative forcing, which is an integrated effect of the particle shapes and size distributions, ice water content, coverage, and variability on the scale of the cloud, and depends as well on properties of clouds below the cirrus level, surface albedo and ambient temperature and relative humidity profiles. Only few available observations allow to constrain cloud-resolving model calculations describing the life cycle C capacitance factor. d dimensionless ice particle size parameter (4). dt adaptive time step used to solve (12), s.
Dt large-scale model time step, s. k index covering all ice modes. k dimensionless freezing time parameter (8).
' index covering ice modes from freezing aerosol particles. n total number density of aerosol particles, cm
